Ccr7
2/2 ApoE 2/2 double knockout mice and Ccr7 +/+ ApoE 2/2 littermates were generated and maintained on a highfat Western diet for 8 weeks to induce atherosclerosis. Ccr7 2/2 ApoE 2/2 mice showed an 80% increase in atherosclerotic lesion size in the whole aorta and a two-fold increase in the aortic root compared with Ccr7 +/+ ApoE 12 was markedly increased, whereas the level of transforming growth factor beta (TGF-b) was significantly decreased, suggesting an imbalance of T cell responses in these mice.
Conclusion
Our data suggest that genetic deletion of Ccr7 exacerbates atherosclerosis by increasing T cell accumulation in atherosclerotic lesions.
Introduction
Atherosclerosis is the major cause of cardiovascular diseases and is the number one cause of mortality worldwide. 1 Currently, atherosclerosis is considered as a chronic inflammatory disease, in which both innate and adaptive immunity are involved. 2 The early stage of atherogenesis is characterized by endothelial injury, platelet adhesion/aggregation, and monocyte recruitment to the vessel wall. 1, 2 Monocytes differentiate into macrophages and become foam cells after digestion of oxidized low-density lipoprotein, secreting reactive oxygen species, lipid mediators, and various inflammatory cytokines, which attract more monocytes, as well as T cells and B cells into atherosclerotic lesions. 3 Eventually, the normal blood flow is blocked by plaques formed in the intima and the rupture of unstable plaques may result in angina, myocardial infarction, stroke, and peripheral vascular disease. 1, 3 Recent studies suggested that the recruitment of inflammatory cells into the vessel wall is dependent on chemokines and their corresponding G protein-coupled receptors. 4 For example, the migration of monocytes, neutrophils, and Th1 cells into atherosclerotic plaque is mainly mediated by the chemokine receptor subtypes Ccr2/Ccr5/ Ccr6/Cx3cr1, Cxcr2/Cxcr4, and Ccr5/Cxcr3, respectively. 4, 5 Ccr7 is a chemokine receptor expressed on dendritic cells (DCs), naïve T and B cells, central memory T cells, regulatory T cells (Tregs), and neutrophils. 6, 7 Both Ccr7 and its two ligands, Ccl19 and Ccl21, have been identified in mouse and human atherosclerotic lesions, 8 indicating that Ccr7 may be involved in atherosclerosis development. However, the role of Ccr7 in atherogenesis is still controversial since Ccr7 was originally suggested to be atheroprotective in a regression mouse model, 9 but later studies in other mouse models gave contradictory results. 10, 11 Thus, additional work is needed to clarify the role of Ccr7 in atherogenesis in mouse models and in humans.
In the current study, we deleted Ccr7 in ApoE 2/2 mice and examined its effect on atherosclerosis in both male and female mice. Our study reveals that Ccr7 deficiency on a bone marrow-derived cell in ApoE 2/2 mice significantly increased atherosclerosis and promoted accumulation of T cells in atherosclerotic plaques.
Methods

Animals
Ccr7 2/2 ApoE 2/2 mice were obtained by crossing ApoE 2/2 mice and Ccr7 2/2 mice, which were both on a C57BL/6J background and purchased from Jackson Laboratories (Bar Harbor, ME, USA). Littermate female and male mice were fed a normal chow diet for 6 weeks and then a high-fat Western diet (TD.88137; Harlan Teklad, Madison, WI, USA) for another 8 weeks. Female mice sacrificed at 14 weeks of age were subjected to all the analyses detailed below unless specified. All mice were kept in pathogen-free conditions and all experiments were approved by the Animal Care and Use Committee of the NIAID, NIH.
Atherosclerotic lesion analysis
The atherosclerotic lesion size in whole aortas and aortic roots were analysed as previously described. 5 Mice were anaesthetized with ketamine/ xylazine cocktail through intraperitoneal injection (ketamine, 60 mg/kg; xylazine, 8 mg/kg) and the adequacy of anaesthesia was continually monitored by assessing reflexes and respiration, and the death was confirmed by cervical dislocation. After perfusion, mouse aortas and hearts were collected, with aortas stained by Sudan IV. Mouse hearts were snap frozen in OCT and the blocks were cut at 100 mm increments until the valves appeared. Then the sections were cut at 10 mm thickness and six consecutive sections (50 mm apart, with three leaflets of the aortic valve) were stained with Oil Red O and counterstained with haematoxylin (Histoserv, Inc., Germantown, MD, USA). Images of the entire aorta and aortic root were analysed by Image J (NIH) and IVision software (Biovision, Inc., Exton, PA, USA), respectively.
Lipid analysis
Mouse serum samples were analysed either by the EnzyChrom Kit (BioAssay Systems, Hayward, CA, USA) for total cholesterol, HDL, and LDL/ VLDL levels or by the Stanbio Triglyceride LiquiColor assay (Stanbio Lab., Boerne, TX, USA) for triglyceride levels. 5 The donor mice were euthanized by cervical dislocation and the collected bone marrow cells were transplanted into recipient mice by tail vein injection. Mice were maintained on a chow diet for 7 weeks to recover after bone marrow transplantation. Then they were switched to a Western diet for another 8 weeks, followed by the analysis of atherosclerotic lesions in the whole aorta.
Immunohistochemistry
Cell isolation and flow cytometry
Primary leucocytes were harvested from mouse aorta, peripheral blood, bone marrow, mesenteric lymph node (MLN), and spleen, as previously described. 5 Briefly, mice were anaesthetized with ketamine/xylazine cock- 
In vivo T cell adoptive transfer
T cells were first purified from spleens of Ccr7 2/2 ApoE 2/2 mice and
Cat#: 130-095-130; Miltenyi Biotec). Then they were labelled by CMFDA Cell Tracker Orange or CMTMR Cell Tracker Green (Invitrogen, Carlsbad, CA, USA) in a water bath for 10 min at 378C (final concentration, 5 mM). Cells were washed two times with cold RPMI + 10% FBS + penicillin/streptomycin and resuspended in sterile PBS at a final concentration of 50 × 10 6 cells/mL, and mixed at a 1:1 ratio. 5 × 10 6 labelled cells of each population were injected intravenously into Ccr7
mice. After 24 h, the whole aorta, blood, bone marrow, MLNs, and spleen were collected for flow cytometry analysis. In vivo T cell migration was calculated based on the ratio detected in different organs compared with the initial input ratio of labelled cells at the time of adoptive transfer after gating on CD45 + cells.
mRNA expression analysis
Mouse aorta RNA was isolated using the Trizol (Invitrogen, Carlsbad, CA, USA) and RNeasy kit (Qiagen, Valencia, CA, USA). The levels of mRNA were analysed by Real-time PCR (ABI Prism 7900HT, Applied Biosystems), using either SYBR Green or Taqman primers (Applied Biosystems, Ccr7 deficiency promotes atherogenesis Carlsbad, CA, USA), as previously described. 5 Relative gene expression changes were calculated by the DDCT method.
Cytokine assays
Mouse serum was frozen at 2208C and thawed prior to measurement. The protein level of IL-4 was determined using the murine Quantikine ELISA kit (R&D Systems, Minneapolis, MN, USA), according to the manufacturer's instructions. Other cytokines were analysed by the Luminex assay, using the Bio-Plex200 (Luminex) Instrument (Bio-Rad Laboratories, Hercules, CA, USA) and the following kits: Bio-Plex Mouse Cytokine Group I 10-plex Assay (Cat#: L60-0000CWQ) for detecting IL-1a, IL-1b, IL-5, IL-6, IL-10, IL-12 (p40), IL-12 (p70), IL-17A, IFN-g, TNF-a; Bio-Plex Pro TM TGF-b 3-plex Assay (Cat#: 171-W4001M) for the detection of TGF-b1, TGF-b2, TGF-b3; Bio-Plex Mouse Cytokine Th17 Group III 3-plex Assay (Cat#: YJ0000000M) for detecting IL-17F, IL-21, IL-23p19 (Bio-Rad Laboratories, Hercules, CA). The luminex assay was carried out by the Protein Expression Laboratory (Rachel Bagni, SAIC-Frederick, Inc., National Cancer Institute, Frederick, MD, USA).
Statistical analysis
Results were analysed using unpaired parametric t-tests (two-tailed) with Prism 6 (GraphPad Software) and are presented as the mean + SEM of summary data (the data were approximately normally distributed). Nonparametric Mann-Whitney tests (not shown) were also performed, and confirmed the results of parametric t-tests in all cases but two. In those two cases ( Figures 1B and 3A for CD8 + cells), the results of both tests were very close to 0.05, as indicated in the figure legends. Only the results of parametric t-tests are presented, except in those two figures. The cut-off for statistical significance was defined as P , 0.05 (****P , 0.0001; ***P , 0.001; **P , 0.01; *P , 0.05; ns, P ≥ 0.05). Figure 1A) , and the atherosclerotic lesion size in the aortic root of Ccr7 2/2 ApoE 2/2 mice was increased by about two times compared with Ccr7 +/+ ApoE 2/2 mice ( Figure 1B) . The atherosclerotic lesion size in the whole aorta of male Ccr7 2/2 ApoE 2/2 mice had also increased 50% in comparison with Ccr7
Results
Ccr7 deficiency increases atherosclerosis in
mice (8 weeks on Western diet; Figure 1C) , indicating that the effect of Ccr7 deficiency on atherogenesis is not sex-specific. A similar difference was also obtained using female mice stratified by the same genotypes and fed a Chow diet for 14 weeks (Supplementary material online, Figure S1 ). Ccr7 deficiency promotes atherogenesis ApoE 2/2 bone marrow ( Figure 1D ), suggesting that the phenotype was caused by bone marrow-derived Ccr7 + cell(s). Figure 2B and E) and the CD11c + DCs content ( Figure 2C) in the plaques of Ccr7 2/2 ApoE 2/2 mice and Ccr7
Disruption of Ccr7 increases T cell accumulation in atherosclerotic plaques
However, a small but significant increase in CD3 + T cells was observed in the aortic roots of Ccr7 2/2 ApoE 2/2 mice; in particular, Figure 3 Ccr7 deficiency results in increased T cells in the aorta, blood, bone marrow, and spleen of ApoE (P ¼ 0.056 by the Mann-Whitney test); for the blood CD4 + ***P ¼ 0.0007; for the bone marrow CD4 + ****P , 0.0001, CD8 + ****P , 0.0001, and CD19 + ***P ¼ 0.0009; for the spleen CD4 + ****P , 0.0001, CD8 + **P ¼ 0.0025, and CD19 + **P ¼ 0.0049; for mesenteric lymph nodes CD4 + ****P , 0.0001, CD8 + ***P ¼ 0.0008, and CD19 + ****P , 0.0001].
the number of CD3 + T cells in Ccr7 2/2 ApoE 2/2 mice was increased by 30% ( Figure 2D and E). Figure 3A -D and data not shown), but at the same time the content of CD4 + T cells in the lymph nodes of these mice was reduced by 40% ( Figure 3E ). The distribution of CD8 + T cells showed a similar pattern as CD4 + T cells, and there was no significant alteration of CD11c + DCs distribution in these organs ( Figure 3A-E) .
Ccr7 deficiency increases T cell content in the aortas of
These results are consistent with the role of Ccr7 in organ-specific distribution of T cells 6, 14 Figure S2 and data not shown).
Deletion of Ccr7 increases T cell migration into the atherosclerotic vessel wall
Previous studies have shown that Ccr7 is involved in both the entry of T cells into inflammatory sites and their egress into draining lymph nodes. 15 -17 Here, purified splenic CD3 + T cells from female mice had a two-to eight-fold increased migration into the whole aorta, bone marrow, and spleen ( Figure 4A and B). More Ccr7 2/2 ApoE 2/2 T cells were found to be left in the blood, and their egress to the lymph nodes was reduced by 90% compared with Ccr7 +/+ ApoE 2/2 T cells ( Figure 4B) , which is consistent with the role of Ccr7 in T cell homing to the lymph nodes. Figure 6A and B), suggesting an increased Th1 response localized within the vessel wall of those mice. The RNA expression of mice and Ccr7 2/2 ApoE 2/2 mice were labelled with cell tracker green and cell tracker orange (input) and then were adoptively transferred into Ccr7 +/+ ApoE 2/2 mice. After 24 h, the aorta, blood, bone marrow, mesenteric lymph nodes, and spleen were collected and analysed by flow cytometry (n ¼ 5 mice, the experiment was repeated two times 
Ccr7 deficiency promotes atherogenesis other chemokines and chemokine receptors (Ccl1 -25, Ccr1 -10, Cxcl1-16, Cxcr1-7, Cx3cl1, and Cx3cr1) in the whole mouse aorta was also examined in order to further characterize the differences between Ccr7 +/+ ApoE 2/2 mice and Ccr7 2/2 ApoE 2/2 mice, but no significant difference was observed for any of these genes (Supplementary material online, Figure S4 and data not shown).
Discussion
Atherosclerosis is a chronic inflammatory disease in which both innate and adaptive immunity are involved. 2 Ccr7 is a chemokine receptor known to be important for the maintenance of adaptive immune system homoeostasis, e.g. it regulates the homing of T cells into lymph nodes, where activated DCs interact with T cells and enable their efficient priming. 6 Recent studies suggested that Ccr7 may be an essential factor in the development of atherosclerosis since both the receptor and its ligands Ccl19, Ccl21 were shown to be expressed in atherosclerotic plaques. 8 In the current study, we found that Ccr7 deficiency in ApoE 2/2 mice significantly increased atherosclerosis development, which was associated with selectively increased T cell accumulation in atherosclerotic plaque and blood. The phenotype is caused by bone marrow-derived cell(s) and Ccr7 2/2 ApoE 2/2 mice had increased Th1 and Th17 responses but reduced Th2 and Treg responses.
The role of Ccr7 in atherogenesis is controversial and our results provide the first detailed examination of this question in the classic ApoE deficient mouse model. In humans, originally it was reported that the expression of CCR7, CCL19 and CCL21 was increased within human atherosclerotic carotid plaques, 8 but in contrast a recent report showed that the expression of CCR7, CCL19 and CCL21 was significantly down-regulated in human atherosclerotic carotid plaques compared with non-atherosclerotic controls (81, 99, and 90% lower, respectively). 19 In mice, one group suggested that Ccr7 is atheroprotective in a regression model, 9 whereas another group found that Ccr7 is atherogenic in the Ldlr 2/2 model. 10 These findings suggest a complex role for Ccr7 signalling in different experiment mouse models. However, the former study was only done in a transplantation model and was not confirmed in Ccr7 knockout mice; while the latter study only used a limited number of male mice at one time point, and it is not clear whether the effect is sex-specific or time-dependent. To further clarify the role of Ccr7 in atherogenesis and to overcome these limitations, Ccr7 +/+ ApoE 2/2 and Ccr7 2/2 ApoE 2/2 mice were generated in our study by directly deleting Ccr7 in the ApoE 2/2 mouse model; both male and female mice were used in the study, and a large number of animals were subjected to atherosclerosis lesion analysis (n ¼ 17 for female mice, n ¼ 12 for male mice). We found that Ccr7 deficiency in the ApoE 2/2 mouse model significantly increased the size of atherosclerotic plaques in the whole aorta of both male and female mice (50 and 80%, respectively), which is comparable with the effect of Cxcr4 blockade and Ccr1 deletion in the same mouse model (60 and 100% increase, respectively). 20, 21 Bone marrow transplantation of Ccr7 2/2 ApoE 2/2 cells into Ccr7 +/+ ApoE 2/2 mice increased the whole aorta atherosclerotic lesion size by 60%, which is also similar to the increase caused by Ccr1 2/2 bone marrow transplantation into Ldlr 2/2 mice (70%). 22 However, the effect of Ccr7 in atherogenesis seems to be independent from other chemokines or chemokine receptors since Ccr7 deficiency did not affect the expression of any other chemokines or chemokine receptors in the whole aorta of ApoE 2/2 mice (Supplementary material online, Figure S4 and data not shown). Ccr7 is critical for the appropriate migration and localization of naïve T cells within secondary lymphoid organs (e.g. lymph node) and Ccr7 deficiency was found to result in delayed induction of adaptive immune responses. 6, 14, 23 It has been reported that the number of CD4 + T cells within the MLNs of Ccr7 2/2 mice was reduced by 50-70% while at the same time there was a two-to six-fold increase of CD4 + cells in the peripheral blood, the spleen, and the bone marrow of these mice. 14, 24 Here, in the ApoE 2/2 background, we found that the content of CD4 + T cells was increased from 50% to four-fold in the blood, BM, and spleen of Ccr7 2/2 ApoE 2/2 mice but was reduced by 40% in the MLNs compared with Ccr7 Figure 3B -E) . Also, our adoptive transfer experiment showed that T cells from Ccr7 2/2 ApoE 2/2 mice have increased migration ability into the mouse aorta, BM, and spleen, although their homing to the MLNs is impaired compared with T cells from Ccr7 +/+ ApoE 2/2 mice (Figure 4) . More importantly, the T cell content in the atherosclerotic aortic root and whole aorta of Ccr7 2/2 ApoE 2/2 mice was also significantly increased ( Figures 2D   and 3A) , suggesting that Ccr7 deficiency resulted in increased accumulation of T cells in atherosclerotic plaques. It is still not clear how Ccr7 deletion increased the mobilization of T cells into atherosclerotic lesions, one possibility is that this is a net effect of increased T cells in the blood and reduced T cell exit from plaque, since Ccr7 is also critical for T cell exit from peripheral tissues. 16, 17 In addition to controlling homoeostasis of the adaptive immune system, recent evidence suggests that Ccr7 might also affect T cell activation and polarization during chronic inflammation. 18, 25 We found that Ccr7 deficiency in ApoE 2/2 mice significantly increased the serum levels of IL-12p40 and IL-17F, but notably was associated with reduced serum levels of IL-4 and TGF-b ( Figure 5 ), which suggested that the Th1 and Th17 responses were enhanced, whereas the Th2 and Treg responses were impaired in those mice. 30 Both systemic neutralization and genetic deletion of TGF-b resulted in increased atherosclerotic lesion development in the ApoE 2/2 mice, 31 -33 suggesting that TGF-b plays a protective role in atherogenesis. Thus, Ccr7 deficiency in ApoE 2/2 mice generated a pro-atherogenic inflammatory environment (more IL-12/Th1, less TGF-b/Treg), which may together exacerbate the development of atherosclerosis.
In conclusion, genetic deletion of Ccr7 in ApoE 2/2 mice significantly increased atherogenesis, increased T cell levels in the circulating blood, and enhanced T cell accumulation in atherosclerotic plaques. Also, Ccr7 deficiency in ApoE 2/2 mice generated a pro-atherogenic inflammatory cytokine environment. However, additional work will be needed to define the mechanism of T cell priming/recruitment in the absence of Ccr7. Also, considering that Ccr7 may be expressed on DCs, B cells, and neutrophils, cell type-specific Ccr7 knockout mice are needed to test which cell type is driving the phenotype. Compared with other chemokine receptors known to regulate atherogenesis in the ApoE knockout model, Ccr7 is unusual in being protective in the model. Overall, the data suggest that activating Ccr7 pharmacologically may be beneficial in the context of cardiovascular disease.
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